Despite the diverse methods vertebrates use for locomotion, there is evidence that 25 components of the locomotor central pattern generator (CPG) are conserved across 26 species. When zebrafish begin swimming early in development they perform short 27 episodes of activity separated by periods of inactivity. Within these episodes, the trunk 28 flexes with side-to-side alternation and the traveling body wave progresses 29 rostrocaudally. In order to characterize the distribution of the swimming CPG along the 30 rostrocaudal axis, we performed transections of the larval zebrafish spinal cord and 31 induced fictive swimming using N-Methyl D-Aspartate (NMDA). In both intact and 32 spinalized larvae, bursting is found throughout the rostrocaudal extent of the spinal cord 33 and the properties of fictive swimming observed were dependent on the concentration 34 of NMDA. We isolated series of contiguous spinal segments by performing multiple 35 spinal transections on the same larvae. While series from all regions of the spinal cord 36 have the capacity to produce bursts, the capacity to produce organized episodes of 37 fictive swimming has a rostral bias: in the rostral spinal cord only 12 contiguous body 38 segments are necessary, whereas 23 contiguous body segments are necessary in the 39 caudal spinal cord. Shorter series of segments were often active, but produced either 40 continuous rhythmic bursting or sporadic, non-rhythmic bursting. Both episodic and 41 continuous bursting alternated between the left and right sides of the body and showed 42 rostrocaudal progression, demonstrating the functional dissociation of the circuits 43 responsible for episodic structure and fine burst timing. These findings parallel results 44 in mammalian locomotion, and we propose a hierarchical model of the larval zebrafish 45 swimming CPG. 46
47

INTRODUCTION 48
Central pattern generators (CPGs) are neural circuits capable of producing a patterned 49 motor output even in the absence of a patterned input (Marder and Calabrese, 1996) . 50
The spinal cord contains a CPG or CPGs that are important to the production of 51 locomotion (Grillner, 2006) . Despite the diverse methods vertebrates use for 52 locomotion, there is evidence that components of the CPG are conserved across 53 species (Grillner and Jessell, 2009; Kiehn, 2011) . Larval zebrafish are an attractive 54 species for studying motor systems (Fetcho and Liu, 1998; Fetcho, 2007; McLean and 55 Fetcho, 2011) . While the neuronal circuits for some motor behaviors such as escape 56 , 1994) . A previous report in larval zebrafish showed episodic motor neuron 102 spiking in an isolated series of two body segments (McDearmid and Drapeau, 2006) , 103 series often produced continuous rhythmic bursting or sporadic, non-rhythmic bursting. 117
Fewer rostral spinal segments (≥12) than caudal segments (≥23) were necessary to 118 produce episodic swimming. We also found that the degree of coordination, that is, 119 side-to-side alternation and rostrocaudal progression, was not different between 120 preparations that produced episodic fictive swimming and those that produced tonic 121 bursting. This result prompted us to propose a model of the larval zebrafish swimming 122 CPG that separates the circuits for episode generation and coordination. 123
Animals and solutions 125
removed from both sides of the larvae and the larvae were repositioned dorsal side up 148 using additional pins to hold them in position. In order to prevent muscle contractions 149 during recording, larvae were paralyzed using 5 µl of 0.1 mM α-bungarotoxin (Tocris, 150
Ellisville, MO) added to the small amount (~15 μL) of Ringer's solution in the dissection 151 dish. The larvae were kept in α-bungarotoxin for 10 minutes before superfusion with 152
Ringer's solution began. Larvae were either left intact, spinalized (spinal cord 153 transected at S3 in order to separate brain from spinal cord), or transected at multiple 154 points along the body using a razor blade shard (FA-10 Feather S, Ted Pella, Redding, 155 CA) clamped by a blade holder (Fine Science Tools, Foster City, CA). In the intact 156 preparation, fictive swimming occurred spontaneously or was evoked by shining light on peripheral nerves using micromanipulators (Siskiyou, Grants Pass, OR). Current clamp 170 signals were digitized by an Axon Instruments Digidata 1440A (Molecular Devices, 171
Union City, CA). Data was recorded using pClamp 10 software (Molecular Devices, 172
Union City, CA). Signals were sampled at 10 kHz and band pass filtered to 100 -1000 173
Hz. 174 175
Data Analysis 176
Organized fictive swimming in larval zebrafish consists of motor neuron bursts clustered 177 into episodes ( Fig. 1B,C) . A program written in Matlab (Mathworks, Natick, MA) was 178 used to analyze episodically organized extracellular peripheral nerve voltage 179 recordings. The program detected the presence or absence of activity at each voltage 180 sample (v(n)). For each v(n), the algorithm determined a voltage autocorrelation (c n (k)) 181 over a small window (3 ms) centered at v(n). These "windowed" autocorrelations were 182 Finally, activity was considered present at v(n) only when c n was greater than a 195 detection threshold T. T was set as the maximum of a set of {c n } corresponding to the 196 {v(n)} in one contiguous second of the voltage recording where activity was confirmed to 197 be absent (typically the first second of the recording), and was set this way for each 198 individual voltage recording to account for differences in baseline noise levels. Fictive 199 locomotor bursts were detected, grouped into episodes and the burst and episode 200
properties were determined as follows: Episode duration is the time from the onset of 201 the first burst of an episode to the offset of the final burst in the same episode (Fig. 1C) . 202
Burst duration is the time from the onset to the offset of each burst, as defined by c n and 203 Because non-episodic swimming could not be processed using our Matlab program, the 214 rostrocaudal delay and contralateral phase of non-episodically organized swimming was 215 quantified using auto-and cross-correlation ( Fig. 7 ). Signals were processed using 216 python and the scipy signal library (http://www.scipy.org/) to rectify and low pass filter 217 the signal to 90 Hz. Rostrocaudal delay was defined as the time of peak cross-218 correlation between the rostral and caudal signals ( Fig. 7E ). Rostrocaudal delay was 219 normalized to the number of body segments separating the recording locations. Cross-220 correlation derived IBP was defined as the time of peak auto-correlation from 10 -200 221 ms, and was converted to frequency by taking the reciprocal ( Fig. 7C ). Contralateral 222 offset was defined as the average of the time of highest cross-correlation greater than 223 zero and the absolute value of the time of the highest peak less than zero ( Fig. 7G ). 224
Contralateral phase was defined as the contralateral offset divided by the IBP and 225 expressed as a percentage. 226
227
Episodic Organization 228
In order to evaluate the degree to which the episodic structure of normal zebrafish 229 locomotion was perturbed in these experiments, we developed a tool to quantify the 230 degree of episodic organization (EO) of bursting. Because our Matlab program could 231 not reliably identify bursts in non-episodically organized recordings, Clampfit (Molecular 232
Devices) was used to detect bursts using a voltage threshold. Because many bursts 233 crossed the threshold multiple times, crossings with an inter-event period of less than 234 and most inter-burst intervals are greater than 30ms. In normal swimming, the inter-237 episode interval is much longer than the intra-episode burst period. In order to separate 238 "long" IBPs (inter-episode like) from "short" IBPs (intra-episode like), we defined a 239 critical value for separating the IBPs into short and long as the mean of all IBPs plus two 240 standard deviations (Fig. 1E ). The means of the short and long IBPs were then 241 calculated. EO is defined as the log 10 ratio of the mean long IBP to the mean short IBP. 242
To enhance readability, the EOs of spinalized and transected larvae are reported as a 243 percentage of the EO of fictive swimming in spinalized larvae at the same NMDA 244 concentration. 245
246
Statistical Analysis 247
For the comparisons between intact and NMDA induced fictive swimming along the 248 rostrocaudal axis, data was analyzed using a 2 (intact, spinalized NMDA) x 3 (rostral, 249 midbody, caudal) independent groups factorial design. All other tests were single 250 factor, independent group designs. Tests for significance were carried out using one 251 and two way ANOVAs and subsequent protected t-tests, or two tailed t-tests using 252 SYSTAT software (Sigma Plot, San Jose, CA). The Pearson's correlation coefficient 253 was calculated using R (http://www.r-project.org/). Data with a p < 0.05 were accepted 254 as statistically significant. Data are expressed as mean with SD.
The Larval Zebrafish Spinal Cord Produces Fictive Swimming Throughout its 257
Rostrocaudal Extent 258
In order to determine the baseline bursting activity at points along the rostrocaudal axis 259 of the spinal cord, we measured motor neuron bursts during fictive swimming in intact 260 and spinalized larval zebrafish. Spontaneous fictive swimming episodes were recorded 261 from intact larvae (n = 21 peripheral nerves, 3 larvae), and NMDA (50 μM) induced 262 fictive swimming was recorded in spinalized larvae, that is, larvae with a spinal 263 transection at body segment 3 (n = 37 peripheral nerves, 17 larvae; Fig. 2A ). Series of 264 contiguous spinal segments will be referred to by the body segment of the rostral and 265 caudal boundaries; e.g., a spinalized zebrafish is referred to as S3-33. spinal cord produced episodes of fictive swimming. In order to compare the motor 271 output produced by different regions of the spinal cord, we grouped the data into three 272 anatomical divisions: rostral (S1 to S10), midbody (S11 to S20) and caudal (S21 to 33). 273
There were statistically significant differences in episode duration, burst duration and 274 burst frequency between spontaneous (intact) and chemically-evoked (spinalized) fictive 275 swimming (all F > 6.8, all p < 0.01; Fig. 2B right), but the burst duration was significantly longer in the rostral region than in the 282 midbody or caudal regions (Table 1, concentration also significantly increased the number of episodes produced per minute 294 (Table 2 , F = 28.8, p < 0.001; Fig. 3C ). NMDA concentration did not have a significant 295 effect on burst duration (Table 2, F = 2.3, p = 0.13; Fig. 3D ), but increased burst 296 frequency at 200 μM NMDA (Table 2, all t > 4.0, all p < 0.006; Fig. 3E ). To determine 297 the independence of burst frequency and episode duration, we tested their correlation. 298
There was a significant negative correlation between episode duration and burst 299 frequency across NMDA concentrations (r = -0.63, t = -3.2, p = 0.006), but there was no correlation between episode duration and burst frequency across preparations within 301 NMDA concentrations (r = 0.05, t = 0.2, p = 0.84). 302 303
Series of Contiguous Spinal Segments Retain the Ability to Produce Fictive Swimming 304
Following Spinal Transection 305
To characterize the rostrocaudal distribution of the spinal locomotor circuit in spinalized 306 (S3 transection) larval zebrafish, we performed a series of spinal transections at S8, 307 S10, S15 or S20, dividing the spinal cord into series of spinal segments of different 308 lengths. In all spinalized larvae with an additional spinal transection, episodically 309 organized bursting was no longer observed at 50 μM NMDA (n = 24; Fig 4B-D) . When 310 the NMDA concentration was increased to 200 μM, some of the series of contiguous 311 spinal segments produced episodically organized bursting ( Fig.4B-D) . In spinalized 312 larvae transected at S10 (n = 5; Fig. 4B ), the caudal portion of the spinal cord (S10-33) 313 produced normal, episodically organized bursting, while the rostral portion of the spinal 314 cord (S3-10) produced regular, non-episodic bursting. In spinalized larvae transected at 315 S15 (n = 5; Fig. 4C ), the rostral portion of the spinal cord (S3-15) produced episodically 316 organized bursting, while the caudal portion (S15-33) produced low frequency, sporadic 317 bursting. In larvae transected at S8 and S20 (n = 6; Fig. 4D ), the midbody series (S8-318 20) in most (4 of 6) larvae produced episodic bursting. The fictive swimming produced 319 showed no significant differences in episode duration (Table 2, F = 2.3, p = 0.12; Fig.  320   4E ). There was a non-significant trend toward shorter burst duration in shorter series of 321 spinal segments compared to spinalized larvae (Table 2, F = 3.0, p = 0.07; Fig. 4E ). 322
There were no significant differences in burst frequency ( Table 2, EO is a tool for quantifying the degree to which bursts are organized into episodes (see 332
Methods; Fig. 5A ). To provide more closely matched lengths of spinal segments 333 between rostral and caudal series, we measured bursting produced by spinalized larvae 334 additionally transected at S20 (n = 4) as well as S10 and S15 (Rostral: 7, 12 & 17 335 segment series; Caudal: 13, 18 & 23 segment series). Because high NMDA 336
concentrations were more likely to produce episodic fictive swimming in all series of 337 spinal segments, 200 μM NMDA was used for this analysis. There was a positive 338 correlation between the number of contiguous spinal segments and EO both for the 339 rostral series (S3-10, S3-15 and S3-20) and for the caudal series (S10-33, S15-33 and 340 S20-33) (r > 0.99 for both; Fig. 5B ). Rostral series of spinal segments produced greater 341 EO per contiguous spinal segment than caudal series (rostral = 5.3% (SD 0.6), caudal = 342 2.9% (SD 0.1), t = 7.3, p = 0.018). When comparing series of contiguous spinal 343 segments that are roughly the same length (12-13 spinal segments) but from different 344 regions of the spinal cord, there was a trend toward the rostral spinal segments 345 producing fictive swimming with a higher EO than the caudal spinal segments, but this trend was not statistically significant (S3-15 = 71% (SD 18), S8-20 = 66% (SD 16), S20-347 33 = 46% (SD 31), F = 1.7, p = 0.22; Fig. 5C ). 348 349
Coordination of Episodically Organized Bursting in Transected Spinal Cord 350
To determine if bursting produced by series of contiguous spinal segments are 351 coordinated (that is, produce side-to-side alternation and rostrocaudal progression), we 352 performed two point recordings on spinalized and transected larvae. Quantification of 353 delay and phase was performed using the first burst of each episode as a phase 354 marker. Spinalized larvae produced fictive swimming with side-to-side alternation (n = 355
3) and rostrocaudal progression (n = 3) in the presence of 200 μM NMDA (Fig. 6A) . 356
The S10-33 series, the shortest caudal series of contiguous spinal segments that 357 produced episodically organized fictive swimming (EO = 67% (SD 13)), produced 358 bursting with side-to-side alternation (n = 3) and rostrocaudal delay (n = 3; Fig. 6B ). 359
The S3-15 series, the shortest rostral series of contiguous spinal segments that 360 produces episodic fictive swimming (EO = 61% (SD 15)), also produced bursting with 361 side-to-side alternation (n = 3) and rostrocaudal delay (n = 3) ( Fig. 6C ). Neither the 362 rostrocaudal delay per body segment (S3-33 = 1.3ms (SD 0.75), S10-33 = 2.5ms (SD 363 1.2), S3-15 = 1.3ms (SD 0.38), F = 2.5, p = 0.15) nor the contralateral phase (S3-33 = 364 45% (SD 3.9), S10-33 = 49% (SD 5.0), S3-15 = 47% (SD 3.6), F = 0.36, p = 0.71) were 365 significantly different between spinalized larvae and shorter series of spinal segments 366 ( Fig 6D,E) . 367 some (e.g. S3-15, 100 μM NMDA; Fig. 4C ) produced highly regular bursting (burst 371 frequency = 14Hz (SD 0.82), coefficient of variation = 0.48Hz (SD 0.21)). Given the 372 regularity of these bursts, we hypothesized that the putative episodic organization circuit 373 was either inactive or functioned in an abnormal fashion that did not lead to episode 374 termination, but that other swimming-related circuits were active. The S3-15 series 375 transitioned from producing tonic bursting (EO = 26% (SD 2.1)) to episodic bursting (EO 376 = 61% (SD 1.5)) when the NMDA concentration was increased from 100 μM to 200 μM. 377 Therefore, to determine the necessity of episodic organization for coordination, we 378 compared the coordination of bursts produced by this series of segments in 100 μM 379
NMDA to the coordination of bursts produced in 200 μM (n = 3 per group). Because the 380 bursting in 100 μM NMDA was non-episodic, we could not use the first burst of each 381 episode as a phase marker (as in Fig. 6 ). Instead, we used cross-and auto-correlation 382 to measure the inter-burst period (IBP) and burst frequency of individual recordings and 383 the relative timing of bursts between recording sites. In order to facilitate correlation of 384 biphasic bursts (Fig. 7A ), recordings were rectified and low-pass filtered at 90Hz ( Fig.  385 7B), and auto-and cross-correlations of the processed signal were performed ( Fig.  386 7C,E). The burst frequency of the S3-15 series was significantly slower in 100μM than 387 in 200μM NMDA (100μM = 14Hz (SD 1.6), 200μM = 19Hz (SD 1.7), t = 3.4, p = 0.043, 388 7F ). Contralateral phase was found by dividing the contralateral delay by the IBP (Fig.  393   7G ). There were no significant differences between the contralateral phase of the S3-394 15 series in 100 μM and 200 μM NMDA (100μM = 52% (SD 0.02), 200μM = 50% (SD 395 0.03), t = 0.8, p = 0.49; Fig. 7H ). 396
We have shown that fictive locomotion is produced along the rostrocaudal extent of the 398 spinal cord in larval zebrafish (Fig. 2 ) and that this locomotor pattern can be generated 399 from reduced series of spinal segments (Fig. 4) . In the transected spinal cord, rostral 400 spinal segments have greater potential for generating episodically organized fictive 401 swimming (Fig. 5) . The episodic fictive swimming produced by these series is 402 coordinated normally (Fig. 6 ). Based on these findings, we return to our initial three 403 hypotheses regarding the spatial distribution of the swimming CPG: 1) The CPG is 404 composed of segmentally reiterated oscillators, 2) There is a single CPG distributed 405 throughout the entire spinal cord, or 3) There is a single CPG located in a small region 406 of the spinal cord. Our results are inconsistent with the third hypothesis. Neither the 407 rostral (S3 -S10) nor caudal (S15 -S33) regions are necessary for organized 408 locomotion ( Fig. 5 ). While those transections leave open the possibility that the 409 midbody segments S10 -S15 contain a critical population of neurons, the S8-20 series 410 contains the largest contiguous midbody region but does not produce the most 411 organized swimming (Fig. 5 ). Based on these results, we conclude that there are no 412 critical segments or series of segments in the larval zebrafish swimming CPG. Our 413 finding that there is a linear trend of EO against number of contiguous segments (Fig. 5 ) 414
is suggestive of either a robust, distributed CPG or of segmentally reiterated oscillators 415 that are too weak to drive fictive swimming independently, but we cannot distinguish 416 between these possibilities on the basis of this data. We also found that normal 417 functioning of the circuit responsible for generation of episodic organization is not 418 necessary for coordination of motor bursts (Fig. 7) . Our results support the hypothesis that the zebrafish swimming CPG is composed of functionally separable circuits, one of 420 which organizes episodes and another that coordinates bursting side-to side and 421 rostrocaudally. 422 423
The Entire Spinal Cord Produces the Same Pattern of Fictive Swimming 424
Based on our observations of free-swimming larvae, we predicted that there might be 425 different patterns of motor neuron bursting in the midbody and tail of the larvae. For 426 example, one type of free-swimming behavior, slow start swimming, has a relatively 427 tight lateral undulation in the midbody region that rapidly increases in amplitude in the 428 far caudal region (Muller and Von Leeuwen, 2004) . We proposed that this motion could 429 be due to the whip-like snapping of a passive tail. To determine the spatial distribution 430 of motor activity, we measured peripheral nerve activity at points along the rostrocaudal 431 axis of the larvae. Our prediction of a passive tail was not observed in the range of 432 swim frequencies or spinal segments recorded in our experiments (Fig. 2) . Instead, the 433 entire spinal cord produced the same pattern of motor neuron bursting. We concluded 434 that the motor neuron output is distributed throughout the cord, though the interneurons 435 that generate the motor pattern may not be. 436
437
Fictive Swimming Characteristics are Dependent on NMDA Concentration 438
Concentrations of NMDA between 50 and 200μM reliably evoked fictive swimming in 439 spinalized larval zebrafish (Fig. 3) . High concentrations of NMDA produce short 440 duration episodes of high frequency bursting, while low concentrations produce long 441 duration episodes of lower frequency bursting. The correlation we observed between burst frequency and episode duration across NMDA concentrations is not observed 443 across preparations following application of the same concentration of NMDA. This 444 suggests that the effect of NMDA concentration accounts for the covariance of these 445 variables and that episode duration and burst frequency are independent of one 446 another. 447 448
Series of Spinal Segments Produce Fictive Swimming Following Transection 449
We performed a series of spinal transections that divided the spinal cord into isolated 450 series of contiguous segments (Fig. 4) . Under some conditions, these isolated series of 451 spinal segments produced episodically organized fictive locomotion that was not 452 statistically different from the output produced by spinalized larvae. The effect of these 453 transections was to raise the threshold for production of organized episodes from 50 uM 454 to 200 uM NMDA, and for some transection conditions, to abolish the capacity for 455 generating episodically organized fictive swimming. The necessity of higher NMDA 456 concentration may be due to removing ascending and descending intra-spinal excitatory 457 projections (e.g. Satou et al. (2012)) or due to an injury-induced decrease in neuronal 458 excitability. We found that rostral series of segments shorter than 12 segments were 459 not able to produce episodic swimming ( Fig. 4-5) , and that more than 20 body segments 460 were necessary to produce episodic swimming in the caudal region. This finding differs 461 from a previous report that two isolated body segments were sufficient to produce giving the appearance of episodic fictive swimming when recording from an individual 470 neuron. However, these oscillations would not likely be correlated between motor 471 neurons, and therefore would not be observed with peripheral nerve recording, unless a 472 CPG was driving their activity. 473 474
The Rostral Spinal Cord has Greater Episode Organizing Potential 475
In these experiments, we found that rostral body segments are more capable of 476 producing episodically organized swimming than caudal body segments following 477 transection (Fig. 5) . This difference is most dramatically demonstrated by the difference 478 in motor output between the rostral series S3-15 and the caudal series S15-33 ( Fig.  479   4C) . Despite the rostral bias for episode generation, rostral spinal segments are not 480 necessary for the production of episodes (Fig. 4) . This finding is inconsistent with the 481 hypothesis that the swimming CPG is localized to a small region of the cord, and 482
suggests a more distributed model. The strong linear trend we find between the 483 number of body segments and the EO score of the swim pattern (Fig. 5 ) could be 484 interpreted in two ways. On the one hand, it could be that the episode circuit is 485 segmentally reiterated. Based on this structure, we would predict repeating interneuron 486 populations with progressively weaker net synaptic drive onto their targets. On the 487 other hand, it could be that the episode organizing circuit is composed of a non-on this structure, we would predict a gradient of synaptic output from the episode circuit 490
and an interneuron distribution that does not align to segmental boundaries. Modeling 491 studies in tadpole (Wolf et al., 2009 ) provide a quantitative framework for the distributed 492 hypothesis, but determining which hypothesis is more likely will require additional 493 characterization of neuronal distribution throughout the larval zebrafish spinal cord. 494 495
Coordination of Bursts is Independent of Episodic Organization 496
We found that by manipulating the concentration of NMDA, we activated the putative 497 coordination circuit without observing discretely organized episodes (S3-15, 100 μM 498 NMDA; Figs. 4C, 7) . The functional dissociation between the episode organization 499 circuit and the coordination circuit we have observed is similar to models of the leech 500 
